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????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
? (Magneto-Hydro-Dynamics: MHD) ??????? rmhdper ???????
?????? AstroGK ??????????????????????????
?????????????????????????????????????
???? (Fast Fourier Transform: FFT) ??????
????rmhdper ???? OpenMP ???????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????? (Nx, Ny) = (4096, 4096) ???
??????? 1????????????? 11.18??? 2.68????????
? 76%???????????
????MPI ???????????????????? AstroGK ????
OpenMP ?????????????????????????????????
????????OpenMP?????????????????????????
??????????????????????????????????????
???????????????????????? (Nx, Ny, Nz, 2Nλ, NE , Ns) =
(128, 128, 3, 64, 64, 1) ?????? 4096???????????????? 3.029
?????????? 1024 ???? 4 ????????????? 1.973 ???
?????? 35%???????????
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1 ????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????
???????????????????????? (Magneto-Hydro-Dynamics:
MHD) ??????? rmhdper [1] ????????????? AstroGK [1, 2] ??
?????????????rmhdper ??????????????? AstroGK ??
???????????????????????????????????????
??????????????????????? (Fast Fourier Transform: FFT) ?
?????FFT ????????????????????????????????
FFTW (Fastest Fourier Transform in the West) [3] ???????
????????????????????????????? rmhdper ????
OpenMP ???????????????????????????????????
???AstroGK ???????????? AstroGK ???????????????
??? MPI ?????????????????????? OpenMP ???????
????????????????????????????????
1
2 ????
???????????????????????????????????????
??????????????????????????
2.1 ?????????????
???????????????????????????????????????
???????????????????????????????????????
[4] ?
???????????????????????????????????????
????????????????????????????????????????
?????????? OpenMP ?????????????????????????
?????????????????? POSIX ????? Pthreads ????????
??????OpenMP ?????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????4 ?? 32 ??????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
MPI ?????????????????????????????????????
?????????????????????????????????????
2.1.1 ????????
???????????????????????????????????????
?????????????? (? 1 (a))?????????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
2
? 1: ?????????????????????????????????????
??????(a)????????????????????????????????
????(b) ?????????????????????????????????
????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????? (? 1 (b)) ????????????
?????????????
2.1.2 ??????????
???????????????????????????????????????
????????????????????????????? [5] ?????????
????????????????????????????????????????
?????? MPI ???????????????????????????????
????????????????????????????? AstroGK ???§4.1?
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????
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2.2 ???MHD???
??????2??????MHD??? [6] ??????????????????
??????????????????????????? rmhdper [1] ??????
?????????????? ψ????? φ?????? µ0????? ρ????? ν?
????? η ?????⎧⎪⎪⎨⎪⎪⎩
∂
∂t
∆φ+ {φ,∆φ} = 1
ρµ0
{ψ,∆ψ}+ ν∆2φ , (1)
∂
∂t
ψ + {φ,ψ} = η∆ψ (2)
????????????????????? 2??????????????????
???∆? ∆ = ∇2 ????Poisson?? {}????????????
{φ,ψ} = ∂φ
∂y
∂ψ
∂x
− ∂φ
∂x
∂ψ
∂y
. (3)
??? u???????????
∇ · u = 0 (4)
????????? 2??????????????? u????? φ????
u = ∇φ× zˆ (5)
=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
∂φ
∂x
∂φ
∂y
∂φ
∂z
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
×
⎛⎝ 00
1
⎞⎠ =
⎛⎜⎜⎜⎜⎜⎜⎜⎝
∂φ
∂y
−∂φ
∂x
0
⎞⎟⎟⎟⎟⎟⎟⎟⎠ (6)
???????????4?????????????B???????????? S ?
?????????? ψ ???
ψ =
∫
S
B · dS (7)
??????????dS????????????? S ?????????????
??????????????????????????????????????
?????? (Fast Fourier Transform: FFT) ?????????????? FFTW3
4
[3] ????????????????????????? 2????????????
??????? 3?? Adams-Bashforth ?????????????????????
1???????????????????? Euler ??????2?????????
??? 2?? Adams-Bashforth ???????
2.3 ??????????
??????MPI ??????????????????????????????
??? AstroGK [1, 2]??????
????? r?????? v ????????????????????????
??r,v????????????? R ???????? V ???????????
?R,V?????????R???V??????
R = r+
v × zˆ
Ω
, (8)
V = v (9)
??????????Ω ??????????????????????????
?V∥, V⊥,Θ???????????????????????
V⊥ =
√
V 2x + V
2
y , (10)
V∥ = Vz , (11)
tanΘ =
Vy
Vx
(12)
?????|V| = V =
√
V 2⊥ + V
2
∥ ????????????????????????
???1???????????? f ?
f =
(
1− qφ
T0
+
v × zˆ
Ω
·∇⊥
)
f0 + h (13)
??????????????q ????φ??????????T0 ????f0 ????
????????h??????????????????? h?????????R,V?
?????????
?????????????????????????? h(R, V⊥, V∥, t)??
∂h
∂t
+ v∥
∂h
∂Z
−
(∂⟨φ⟩R
∂R
× Zˆ
B0
)
· ∂h
∂R
=
qf0
T0
∂⟨φ⟩R
∂t
+ ⟨C(h)⟩R
5
?????????????????? ⊥??? ∥????????????????
???C(h)???????????????? ⟨·⟩R ???????? R??????
????????V = (V⊥, V∥,Θ)????
⟨F (r)⟩R = 1
2π
∮
F
(
R+
V × Zˆ
Ω
)
dΘ (14)
????
????????????????????? k⊥ = (kx, ky, 0)?k⊥ = |k⊥|?????
???? g ?
g = h− qf0
T0
⟨φ⟩R (15)
????????????????????????????????????????
???????????????????????? 2???????????????
?? Legendre?Laguerre ????????????????????????????
???????? 2???????????? 3?? Adams-Bashforth ???????
???????????????
2.3.1 ???????
AstroGK?????????????
g(kx, ky, Z,λ, E,σ, s) (16)
????????????????????????
????kx, ky ????????? k⊥ = (kx, ky, 0)?Z ??????????????
???λ, E,σ ?????????????? E ????? λ?
E = V 2⊥ + V
2
∥ , (17)
λ =
V 2⊥
V 2B0
. (18)
?????σ ???????????????? σ = sgn(v∥)?s??????????
???????????????????????????????????????
??????????????????????????????????? 3????
?????????1???? Z?2???? σ?3??????? 5?????????
???????????? 7???????????????????????????
??????????????? (14) ?? 2???????????????????
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? 2: ????????????
?????????????????????????? 7?????????????
????????????????????????????? Z ??????????
???? λ, E,σ ????????????????????????????????
???????? kx, ky ?????????????????????????????
????????????????????????????????????????
????? 7?? Z,σ, ky, kx,λ, E, s??????????????????? 2???
????????????????????????????????????????
??????????????????????MPI ???????????????
????????????????????????????????????????
???????
2.4 ??????
????????????????????????????rmhdper? AstroGK ?
????????????????????????????????????????
????????????????????????????????????????
???????????????????AstroGK????????????????
????????? [7] ????????????
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2.4.1 ??????
0 ≤ x ≤ 2π ??????????? ϕ(x, t)?????????
∂ϕ(x, t)
∂t
+ c
∂ϕ(x, t)
∂x
= 0 (19)
???????????c??????????? ϕ(x, t)?????????? [8] ??
ϕˆ(k, t) =
∫ 2π
0
ϕ(x, t)e−ikxdx =: F[ϕ(x, t)] (20)
?????????ϕˆ(k, t)????????????????????????????
??? F−1 ?
ϕ(x, t) =
1
2π
∫ ∞
−∞
ϕˆ(k, t)eikxdk =: F−1[ϕˆ(k, t)] (21)
???????? (19)???? e−ikx ???? 0?? 2π ?? x??????????
?????? 1????? 2?????????????????????? (20)??
??????? (19)??? 1??∫ 2π
0
∂ϕ(x, t)
∂t
e−ikxdx =
∂
∂t
(∫ 2π
0
ϕ(x, t)e−ikxdx
)
(22)
=
∂
∂t
ϕˆ(k, t) , (23)
? (19)??? 2??∫ 2π
0
c
∂ϕ(x, t)
∂x
e−ikxdx = c
[
ϕ(x, t)e−ikx
]2π
0
+ ikc
∫ 2π
0
ϕ(x, t)e−ikxdx (24)
= 0 + ikcϕˆ(k, t) (25)
????????? (24)???? 1?? ϕ(x, t)e−ikx ? x???? 0?? 2π ????
???????? 0?????? (23)???? (25)??? (19)?
∂
∂t
ϕˆ(k, t) + ikcϕˆ(k, t) = 0 (26)
??????????????????x ? t ???????????19?? k ???
?????? t ????????26????????????????????? (26)
?????
ϕˆ(k, t) = ϕˆ(k, 0) exp[−ikct] (27)
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?????? ϕˆ(k, t)??????????? F−1 ???????
ϕ(x, t) = F−1[ϕˆ(k, t)] , (28)
= F−1[ϕˆ(k, 0) exp[−ikct]] (29)
????? ϕ(x, t)???????????
2.4.2 ???????
???????????????????????????????????????
????????????????????????????????????????
??? F−1 ???????????????????????????? F ?????
????
??19??????????????????
∂ϕ(x, t)
∂t
+ c
∂ϕ(x, t)
∂x
+ ϕ(x, t)
∂ϕ(x, t)
∂x
= 0 . (30)
??????? F????????? F−1 ?????
F
[
∂ϕ(x, t)
∂x
]
= ikϕˆ(k, t) . (31)
????
F−1
[
ikϕˆ(k, t)
]
=
∂ϕ(x, t)
∂x
(32)
????????30????? 3????????????????????? 3??
F
[
ϕ(x, t)
∂ϕ(x, t)
∂x
]
= F
[
F−1
[
ϕˆ(k, t)
]
F−1
[
ikϕˆ(k, t)
]]
(33)
?????????????????26??????x? t?????????????
?30?? k ??????????
2.5 ??????
??????????????????????????????????????
???????? Helios? 2???????
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2.5.1 ???????
????????????????CPU???????? Intel Core i7 920, Nehalem
??????????? 2.67GHz ???????????? Intel Core i7 ?????
????Hyper-Threading?(??) ??????????????? 4 ???????
?? 8 ????????????????????????????????????
???????? L2???????????? 8MB ????
Hyper-Threading
Intel Core i7 ?? Intel ?????? Hyper-Threading [9] ??????????
????Hyper-Threading ???????????????????????????
????????????????????????1???????????? 2??
???????????????????? Hyper-Threading ???????????
??1???????????? 2???????????????? Intel Core i7 ?
? Hyper-Threading ??????????? 8??????????????????
?????????????2??????????????????????????
????????????????????? 2??????????????????
????
2.5.2 ?????????? Helios
??????????? Helios??????Helios???????????????
?????????? (International Fusion Energy Research Center: IFERC) ???
BULL SA????????????????? CPU? Intel Xeon E5-2680 processor,
Sandy-Bridge EP 2.7GHz ????????????????? Bullx B510 ?????
???245????? 4410?????????????????????? 18?????
?? 1?????? 16???????????1?????????????????
?? 20MB ??????????????????????????????????
????????????????????????????????????????
???????????? 6??? 11??????????????????????
???????????????????2015? 11????? 60?????????
?? [10] ?????????? 6????????
10
2.6 ??????
2.6.1 OS
???????? Operating System ? Debian Linux ??????? Linux Mint
17.1 Rebecca ????????Helios ? Linux version 2.6.32 ????????
2.6.2 ?????
?????????????????? Intel Fortran Compiler [9] ????
??????????? Intel Fortran Compiler version 14.0.1 ??Helios ?? Intel
Fortran Compiler version 15.0.2 ?????? Intel Fortran Compiler ? Intel Fortran
Composer XE for Linux ????????????? OpenMP ?????????
????????????????????????????????????????
????????????
???GCC ?????? GNU Fortran Compiler ??????????????
??????????? FFTW3 ???????????????????? GNU
Fortran Compiler ?????????????????????????????
???????????????? Intel Fortran Compiler ??????????
???
2.6.3 FFTW
??????????????????????????????????????
FFTW (Fastest Fourier Transform in the West) (ver 3.3.4) [3] ?????FFTW ?
???????? (Discrete Fourier Transform: DFT) ??????????????
??,???????????? (Massachusetts Institute of Technology; MIT) ???
????? (Matteo Frigo) ????????????? (Steven G. Johnson) ????
????? [11] ?FFT ?????????????????????????????
???????? N ???????????????? N logN ??????????
??????????FFTW ??????????????????????????
??????????????????????????????????? OpenMP
???????????????????
???MHD??? rmhdper ????????????? AstroGK ?? FFTW ?
version 2 ??????????????????????????????????
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FFTW ? version 3 ????????????????????FFTW3 ??????
????FFTW ??????????????????????
2.6.4 OpenMP
OpenMP (Open Multi-Processing) [12] ????????????????????
??????????????????????????????OpenMP ?????
???????????????????????????????????????
???????????????????????????????????????
MPI ????????????????OpenMP ?????????????????
????????????????????????????? 1????????
2.6.5 MPI
MPI (Message Passing Interface) ??????????????????????
???????????????????????????MPI ?????????
????????????????????? MPICH ? Open MPI ???????
OpenMP ???????????????????????????????????
????????????????????????????????????????
????????????????? AstroGK ???????? Intel MPI Library
version 5.0.3.048 ??????
2.6.6 ????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????????????????? GNU binutils ?
gprof ???????? C/C++ ?????Fortran ???????????????
?????????????? 3.1?????
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3 ???MHD??? rmhdper?????????
3.1 ??????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
? 1????????MHD??? rmhdper???? gprof???????????
?????????????????????????????????? (Nx, Ny) =
(2048, 2048)??????? 500????
????? 1????????????????????[13]
• % time
?????????????????????????????
• cumulative seconds
?????????????????????????????????????
?????????????????????
• self seconds
???????????
• calls
% cumulative self self total
time seconds seconds calls s/call s/call name
37.22 165.47 165.47 5068 0.03 0.03 fft_mp_ktox_
15.18 232.97 67.50 _intel_sse2_rep_memset
9.84 276.70 43.73 _intel_ssse3_rep_memcpy
9.01 316.76 40.06 1500 0.03 0.10 four_mp_poisson_bracket_
5.96 343.28 26.52 500 0.05 0.42 tint_mp_advect_
4.66 363.98 20.70 1002 0.02 0.02 fft_mp_xtok_
?????
? 1: ???? rmhdper??????????????????????? (Nx, Ny) =
(2048, 2048)?????? 500
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?????????????????????????????????????
??????????????? (?????????????????????
????????????????????) ??????????
• self s/call
?????????????????????? (?) ????????????
?????????????
• total s/call
?????????????????????????????????????
????????? (?) ?
• name
?????????????????
????????????self seconds??????????????? calls????
???????? name??????????????????
? 1??????????????????????????????? (% time) ?
??????? 6?????????????????????????
• fft_mp_ktox_
????????????????????????
• fft_mp_xtok_
???????????????????????
• four_mp_poisson_bracket_
Poisson?????????
• tint_mp_advect_
Poisson??? ab3????????????????????????????
??
• _intel_sse2_rep_memset?_intel_ssse3_rep_memcpy
??????????????? Intel????????????
? 1 ?????????????????????????? fft_mp_ktox_?
four_mp_poisson_bracket_?tint_mp_advect_ ???????????????
????????????????????????????????????????
?????????????????????????? (total s/call) ???????
??????????????????????????????? (calls) ?????
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?????????????????????????????????? calls? total
s/call ?????????fft_mp_ktox_????????? (calls ?) ? 5068 ???
????????????????????? (????? 5068 × 0.03 = 152.04 ?)?
???four_mp_poisson_bracket_ ??? tint_mp_advect_ ???????????
??????????? 1????????????total s/call??????????
??????????????????fft_mp_ktox_?four_mp_poisson_bracket_?
tint_mp_advect_ ? 3?????????????????????????????
??????
3.2 ??????????
????????????????????????????????????
OpenMP????????????????????
3.2.1 ????????
???????????????????? 3??????????????????
???????????????????????????????????????
• FFT??? IFFT????????fft_mp_ktox_?fft_mp_xtok_?
????????????????????????????? Poisson????
?????????
• 3?? Adams-Bashforth ?????? ?tint_mp_advect_mp_ab3_?
???????????? 3?????????????????
• IFFT??????????fft_mp_ktox_?
??????????????? fft_mp_ktox_?????????????
????? 3?????????FFT??? IFFT???????? ﬀt?3?? Adams-
Bashforth ??????? ab3?IFFT?????????? ktox????????
3.2.2 ??????????
???????????????????
???FFT??? IFFT??????? ﬀt? FFTW3?????????????
?????FFTW ???? FFT ????????????????????????
????? FFTW3??????????????????????????????
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ﬀt??????✓ ✏
# ifdef OPENMP
call dfftw_init_threads (iret)
if (iret == 0) then
write(error_unit(),*) "Error during FFTW3 thread initialization."
stop
end if
! enable multi-thread calculation
call dfftw_plan_with_nthreads(nthreads_fft)
# endif✒ ✑
? 3: ﬀt??????????
??????????A.1????? 3????????????????FFTW3??
??????????????????? OpenMP ????????????????
??????ﬀt???????????????? nthreads_fft?????????
??iret? FFTW3??????????????????????????????
???? 0??????????? 1??????
???3 ?? Adams-Bashforth ?????? ab3 ?????????????ab3
? 3.2.3????????? 4??????????????????????????
?????????? nthreads_ab3???????
????IFFT????????? ktox?????????????ktox?? 5?
??????????????????? fft_mp_ktox_ ?????????????
??????????????????????????? nthreads_ktox?????
??????????????????????? do ???? workshare ?????
???????????FFTW?????????? master???????????
????????????????????????master????????????
??????????IFFT ???? barrier ??????????????????
??????? 5 ???? fa, out2d ? complex ??fyx ? real ?? 2 ?????
???
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ab3??????✓ ✏
—??????—
!$OMP PARALLEL NUM_THREADS(nthreads_ab3)
!$OMP WORKSHARE
fa(:,:,1) = fac%a(0) * &
( - fac%a(1)*fa(:,:,2) - &
fac%a(2)*fa(:,:,3) + &
fac%b(1)*dadt(:,:,1) + &
fac%b(2)*dadt(:,:,2) + &
fac%b(3)*dadt(:,:,3))
!$OMP END WORKSHARE
!$OMP END PARALLEL
—????????????—
!$OMP PARALLEL NUM_THREADS(nthreads_ab3)
do iy=1, nky
!$OMP DO SCHEDULE(static, 2)
do ix=1, nkx
fa(ix,iy,1) = fac%a(0) * &
( - fac%a(1)*fa(ix,iy,2) - &
fac%a(2)*fa(ix,iy,3) + &
fac%b(1)*dadt(ix,iy,1) + &
fac%b(2)*dadt(ix,iy,2) + &
fac%b(3)*dadt(ix,iy,3))
end do
!$OMP END DO
end do
!$OMP END PARALLEL✒ ✑
? 4: ab3??????????
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ktox??????✓ ✏
subroutine ktox (fa, fyx)
...
!$OMP PARALLEL DEFAULT(shared) NUM_THREADS(nthreads_ktox)
!$OMP DO PRIVATE(iky)
do iky=1, nky
out2d(iky,1:nkxh) = fa(1:nkxh,iky)
out2d(iky,nkxh+1:nx-nkxh+1) = 0.0
out2d(iky,nx-nkxh+2:nx) = fa(nkxh+1:nkx,iky)
end do
!$OMP END DO NOWAIT
!$OMP WORKSHARE
out2d(nky+1:, :) = 0.0
!$OMP END WORKSHARE
!$OMP MASTER
call dfftw_execute (p2db)
!$OMP END MASTER
!$OMP BARRIER
!$OMP WORKSHARE
fyx(:ny,nx+1) = fyx(:ny,1)
fyx(ny+1,:) = fyx(1,:)
!$OMP END WORKSHARE
!$OMP END PARALLEL
end subroutine ktox✒ ✑
? 5: ktox??????????
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3.2.3 ???????
ab3?????????????????????????????????????
?????????????????????????????????? 2?????
?????????? 1????????2????????????????OpenMP
??????????????????? 1?100????? 2???????????
???? 1?50????? 0??51?100????? 1???????????????
??????????????????????? 1, 3, 5, ...????? 0??2, 4, 8,
...????? 1???????????? 1????? 1?????????????
????????????????????????????????????????
?????????????????????????? 1 ????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????? [14]?
??????ab3????????? 4???????????workshare????
????????????do????????????? do????????????
????????????workshare ??????????????????????
??????????????? 1 ???????????????????????
?????????????????????????????????????? do
????????????????????????????????????????
??static???????????????????????????????????
??????
???????????????????????????????????????
????????????????????????????????????????
? 6 ? rmhdper ???? ab3 ?????????????????????????
????????? 1?????????????????????? 2, 4??????
???????????????????????????????????????
?? 8???????? 1?????????? [?/1????] ??????????
???????? Helios ?????????????? 6(a) ? 2048×2048?? 6(b) ?
4096×4096??????????????????????????????????
????????
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? 6: ????????????????8????????(a) 2048×2048 ??????
???? helios? (b) 4096×4096?????????? helios
? 6 ????????????? 2 ??????????????????????
?????????????????????????????? 1 ????????
???????? SIMD (Single Instruction/Multiple Data) ???????????
????Helios?? CPU? Sandy-Bridge-EP????§2.5.2???????????
?? SIMD??? 256???????? Intel AVX????????????????
??????????????? 4?????4×64bit = 256bit???????????
??????????? 2 ?????????????????ab3 ????????
????? complex??????????2?????2×128bit = 256bit??????
????????????????????rmhdper????????????? 2?
??????????????? ab3?????????????
3.2.4 ?????????
rmhdper?? 2????????????????????????????????
????????????????????????????????? Intel Fortran
Compiler ???? rmhdper ??????????-heap-arrays ?????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????
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????????????? Helios??????????????????????
???????????????????????????????
3.2.5 ??????
?????????????? 3?????????
1???????? 0???????????????3.1??? 1????????
?????_intel_sse2_rep_memset ??? _intel_ssse3_rep_memcpy ?????
???????????????????????? fft_mp_ktox_ ????????
?? 0 ?????????????????????? 0 ?????????????
????????????????????
2 ????FFTW ????????????????????????????
FFTW? version 2 ??????????????????????????????
????????????? FFTW? version 3?????????????????
???????????? FFTW?????????????????????
3 ????Poisson ?????????????????? 1 ????????
500 ????four_mp_poisson_bracket_ ???? 1500 ??fft_mp_ktox_ ???
?? 5000 ????????????????????????? 1 ???????
four_mp_poisson_bracket_ ? 3??fft_mp_ktox_ ? 10????????????
???????????????2.2????1???2????????? 3?? Poisson
??????????????????????????? 12???????????
??????????
{φ,∆φ} = ∂φ
∂y
∂∆φ
∂x
− ∂φ
∂x
∂∆φ
∂y
, (34)
{ψ,∆ψ} = ∂ψ
∂y
∂∆ψ
∂x
− ∂ψ
∂x
∂∆ψ
∂y
, (35)
{φ,ψ} = ∂φ
∂y
∂ψ
∂x
− ∂φ
∂x
∂ψ
∂y
. (36)
??????????????????34????36??????????? ∂φ∂x , ∂φ∂y
????????? 1 ??????? 2 ?????????????????
??? fft_mp_ktox_ ???????? 10 ????????????????
????35????36???????? ∂ψ∂x , ∂ψ∂y ?????????36??????
??? ∂φ∂x , ∂φ∂y , ∂ψ∂x , ∂ψ∂y ??????????????????????????
four_mp_poisson_bracket_ ???????? 1???????????????1?
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??????? four_mp_poisson_bracket_ ???????? 2 ??fft_mp_ktox_
? 8????????????????
3.3 ????????
3.2.1?????? 3???????????????????? 2.1.1 ???????
????????????????????????????????????
?????????????????✓ ✏
1. ????????? OpenMP??????????????????????
????????????????
2. ?? ﬀt ??????????????? ab3 ? ktox ??????? 1?
???? ﬀt ????????? 1?2?4?8??????????????
????????????????????????????????? ﬀt
?????????????????
3. ???? ﬀt ?????????????????? ab3 ??????? 1?
2?4?8???????????????????????????????
????? ab3 ?????????????????
4. ???? ﬀt ? ab3 ????????????????? ktox?????
?? 1?2?4?8???????????????????????????
????????? ktox ?????????????????
5. ??????????????????????????✒ ✑
?????????????????????????? ﬀt?ab3?ktox ?????
??????????????????? ﬀt?ab3?ktox ?????????????
???????? 8 ??????????????????????????????
????????????????????????????????????????
????????????????????
??????????????????????????????? 2 ??? 100 ?
????????????????????????????????????? 1??
?????????????????????????????????????? 1?
????????????????????????????????????????
???? Nx ? x???????????? 1.5× 10−6 ×N2.1x ???????????
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????????????????????? nsteps??????
integer :: nsteps, nx
nsteps = ((2048/nx)**2.1)+2
nsteps?????????????? nx? 2048?????? 2??????????
?????????2??????????????????????????????
????????????????
???? 7???? rmhdper?????????????????????????
????????????????????????????Nx, Ny?=?512, 512???
????? 7?????????????????? threads????? time???
???????????????????????????????? ﬀt? 4?????
ab3? 2?????ktox? 2???????????????????
3.4 ????
MHD??? rmhdper?????
1) ??????????????????
2) ????????????????? ﬀt?ab3?ktox????????????
?????
3) ???????????????????
????????????????????????????????????????
????????????????????????
????????????????2.5.1??????????????Helios?2.5.2
????????????????????????? Intel Core i7 ????????
Hyper-Threading ??????????? 8???????????????????
?????????????????????????? Helios?? Hyper-Threading
???????? 16??????????????????????????????
? Fortran90 ?????????????????????????????????
???????? Intel Fortran Compiler??????
??????????? 1????????????/1??????????????
????????????????????????????????????????
???????????? 64×64????????? 80000??128×128??????
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????????????✓ ✏
# find optimal number of threads:
nthreads_fft : threads time
1 1.2541
2 1.0447
4 0.8952
8 0.9559
nthreads_ab3 : threads time
1 0.9504
2 0.8937
4 0.9288
8 1.8136
nthreads_ktox : threads time
1 1.1220
2 0.8449
4 0.9369
8 1.6233
# optimal number of threads:
fft: 4 ab3: 2 ktox: 2
????????????????✒ ✑
? 7: ????????????? (Nx, Ny) = (512, 512)??????????????
??? 20000??256×256????????? 5000??512×512?????????
2000??1024×1024?2048×2048??? 4096×4096????????? 500????
????????????????????????????????????????
???????????
????????????????????????? 5?????????????
?????????????????????? 3?????????????????
??????
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? 8: ????????(a) 1024×1024 ???????? (b) 4096×4096??????
???? helios
? 8 ?????????????????? 8(a) ??????????????
1024×1024???????????? 8(b) ? Helios?????? 4096×4096????
??????????
? 8?????????????????????????????????????
????????????????????????????????????????
???????????????????
???????????????????????????????????????
9???? 10??????? 9????????????????? 10? Helios??
???????????
?????????? 9???? 10??????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????? Helios? 16???????????????????
????????????????????????????????????????
????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????
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? 9: ????????????????
? 10: Helios?????????
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???????????????????????????????????????
??????????????????????????????????????? 1
??????????????????????????????§3.2.5???????
???????? FFTW??????? FFTW2?? FFTW3???????????
gprof?????????????????????????????????????
???????
???????????????????????????????????????
??????
???????? Helios????????
???????? Helios???????????????????????????
??? 11???????????
? 11?????????????? Helios???????????????????
?????????????????????????????????
? 11: ???????????????????
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??????????????????
???? rmhdper????????gprof?????????????????? 2?
?????????????????????????????????? (Nx, Ny) =
(2048, 2048)??????? 500????
? 2 ??????????????????????????????? (%
time) ???????? 5 ???????? 1 ???????? fft_mp_ktox_?
four_mp_poisson_bracket_?tint_mp_advect_ ?????????? 1 ????
????????????????????????????????? (total s/call)
??????????????????????????????????? 3????
?????????????????????????four_mp_poisson_bracket_ ?
?????? (calls) ? 1500?? 1072??????? 3.2.5?????????Poisson
???????? 1??????? 2???????????????????????
??????????? 72???????????????????fft_mp_ktox_ ?
?????? (calls) ??????????????????????????????
????_intel_sse2_rep_memset ??????????????
% cumulative self self total
time seconds seconds calls s/call s/call name
32.85 70.91 70.91 4316 0.02 0.02 fft_mp_ktox_
11.79 96.37 25.46 _intel_ssse3_rep_memcpy
10.32 118.65 22.28 1072 0.02 0.06 four_mp_poisson_bracket_
10.30 140.89 22.24 536 0.04 0.20 tint_mp_advect_
6.23 154.34 13.45 1076 0.01 0.01 fft_mp_xtok_
?????
1.12 199.39 2.42 _intel_sse2_rep_memset
?????
? 2: ???? rmhdper??????????????????????? (Nx, Ny) =
(2048, 2048)?????? 500
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4 ?????????? AstroGK???????????
4.1 ??????
?????????? AstroGK ? MPI ????????????????????
????????????????????????? OpenMP ??????????
?????????????????????????????? AstroGK ?????
????????????????????????????????????????
????????????????? MPI ????????????????????
??? 12a?????????OpenMP??????????????????????
????????????????????????????????????????
????????? 12b?????????????????????????????
????????????????????????????????????????
?????????????????2.1.2????????????
(a) (b)
? 12: (a) ?????? MPI ????????????????(b) ?????
OpenMP????????????????????
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????????? MPI ???????????????????????????
???????2.3.1??????????????????????????????
????????????????????????????????????????
?????
4.2 ??????
???????????????????????????????????????
? AstroGK ??????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????? Helios ??????????? Intel Compiler ?????????MPI
?????? Intel MPI Library version 5.0.3.048 ??????
? 13 ?????????????????????????????????
??? 13(a) ? (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1)?? 13(b) ?
(Nx, Ny, Nz, 2Nλ, NE , Ns) = (256, 256, 3, 128, 128, 1) ????????Nx, Ny, Nz ?
??????????Nλ, NE ???????????????Ns ????????
?????????? λ ???????????????? σ = sgn(v∥) ?????
????2Nλ ??????????? 2 ????????????????????
medium????large????????????
? 13?????????????? 1/N ????????????????????
??????????????????????? 13(a) ??????1024?????
???????????????????????????????????? 13(b) ?
?????4096?????????????????? 8192????????????
???????16384?????????????????????
??????????????????????????????????1????
????????????MPI ?????????????????????????
???????????????????? OpenMP ???????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????
?????????meduim????? 2048???large????? 8192????
????????????????????
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? 13: ???????????????? (a) (Nx, Ny, Nz, 2Nλ, NE , Ns) =
(128, 128, 3, 64, 64, 1) (medium ? ? ?), (b) (Nx, Ny, Nz, 2Nλ, NE , Ns) =
(256, 256, 3, 128, 128, 1) (large???)
4.3 ??????????
AstroGK ????OpenMP ?????????????????????????
????????????????????????????????????????
?????????
4.3.1 ??????
rmhdper????????????? AstroGK?????????????????
????????????????????????????????????????
???????????????????????????????????
? 3 ?????????????????? AstroGK ???? gprof ?????
??????????????????????? Helios ????????????
medium?????????? 1000????
? 3 ????????????????????????????????% time?
??????????????????? 3.1 ??????????????????
????????????agk_layouts_mp_*??????????calls???????
?????????????????????????? 7?????????????
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% cumulative self self total
time seconds seconds calls s/call s/call name
7.65 5.39 5.39 _intel_fast_memcmp
6.49 9.97 4.58 205213630 0.00 0.00 agk_layouts_mp_is_idx_g_
6.46 14.52 4.55 for_cpstr
5.53 18.41 3.90 121188835 0.00 0.00 agk_layouts_mp_ie_idx_g_
4.38 21.50 3.09 186097980 0.00 0.00 agk_layouts_mp_it_idx_g_
3.68 24.09 2.60 14634620 0.00 0.00 set_source_
3.29 26.41 2.32 2002 0.00 0.02 dist_fn_mp_timeadv_
3.26 28.71 2.30 fftw_hc2real_128
2.84 30.71 2.00 2000 0.00 0.00 nonlinear_terms_mp_add_nl_
2.67 32.59 1.88 fftw
2.50 34.35 1.76 204376635 0.00 0.00 agk_layouts_mp_ik_idx_g_
2.34 36.00 1.65 4004 0.00 0.00 measure_gather_32_
2.33 37.64 1.64 14634620 0.00 0.00 dist_fn_mp_get_source_term_
2.17 39.17 1.53 4004 0.00 0.00 conserve_diffuse_
2.14 40.68 1.51 11753 0.00 0.00 integrate_moment_c34_
2.10 42.16 1.48 69167220 0.00 0.00 agk_layouts_mp_il_idx_g_
2.10 43.64 1.48 4000 0.00 0.00 transform2_5d_accel_
2.00 45.05 1.41 4404 0.00 0.00 measure_scatter_23_
1.79 46.31 1.26 4004 0.00 0.00 conserve_lorentz_
1.72 47.52 1.21 7317310 0.00 0.00 dist_fn_mp_invert_rhs_1_
1.58 48.63 1.12 89825280 0.00 0.00 agk_layouts_mp_idx_e_
?????
? 3: AstroGK ?????????????????????????
(Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1) (medium ???) ??????
1000
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????????????????????????????????????????
????????????????????????????????????????
????????????????????????
?????????????calls??????????????????self seconds?
????? dist_fn_mp_timeadv_?nonlinear_terms_mp_add_nl_????????
????????????????????????????????????????
?????????
4.3.2 ?????????
???????????????????????????????????????
????????????
• ??????????
dist_fn_mp_invert_rhs
• ???? g ?? h?????????
dist_fn_mp_g_adjust
• ????????
collision_mp_coserve_diffuse?collision_mp_coserve_lorentz?
collision_mp_solfp_lorentz?collision_mp_solfp_ediffuse
• ??????????
agk_transform_mp_transform2_5d_accel?agk_transform_mp_inverse2_5d_accel
• ?????????
nonlinear_terms_add_nl
• ????????????
le_grids_mp_integrate_moment_c34?le_grids_mp_integrate_species1
??????????? 14??????????????????????????
???????????????? OpenMP ???????????????????
14??? dist_fn_mp_invert_rhs ???????????????g_lo?????
???????????MPI ??????????????????????????
?????????OpenMP ??????????????
??????????????????????? 15???? reduction?????
????????????????????????????????????????
?????????????????????? reduction?? C?????????
33
????????Fortran??????????????B.1???[15] ?????? 15
??? le_grids_mp_integrate_moment_c34 ?????????????4????
??? total?????????????????????????????????
?????????reduction???????
4.3.3 ??????
MHD ??? rmhdper ???? FFTW ???????????????????
?????????? FFTW ? version 2 ??????????????FFTW ?
version 3???????????????????????????FFTW2? FFTW3
????????????????????????????A.9????
rmhdper? 2?????????????????????????AstroGK???
??????????????? 2????? FFT?????????????rmhdper
?????? 1?? 2?? FFT??????????????????? 2?? FFT
?????????????
4.3.4 MPI-3.0? OpenMP???
2.1?????????????? OpenMP ????????????????MPI
?????????????????????MPI-3.0 ??????????????
??????????? [16] ? ?????????????????????????
OpenMP?MPI-3???????????????????????????????
?????????????
????????✓ ✏
!$OMP PARALLEL DO DEFAULT(shared) PRIVATE(iglo)
do iglo = g_lo%llim_proc, g_lo%ulim_proc
call invert_rhs_1 (phi, apar, bpar, phinew, aparnew, bparnew, &
istep, iglo, sourcefac)
end do
!$OMP END PARALLEL DO✒ ✑
? 14: ?? dist fn mp invert rhs ?????????????
34
reduction????????✓ ✏
!$OMP PARALLEL DO PRIVATE(iglo, ik, it, ie, is, il, fac)&
!$OMP REDUCTION(+:total)
do iglo = g_lo%llim_proc, g_lo%ulim_proc
ik = ik_idx(g_lo,iglo)
it = it_idx(g_lo,iglo)
ie = ie_idx(g_lo,iglo)
is = is_idx(g_lo,iglo)
il = il_idx(g_lo,iglo)
fac = w(ie,is)*wl(il)
total(:, it, ik, is) = total(:, it, ik, is) &
& + fac*(g(:,1,iglo)+g(:,2,iglo))
end do
!$OMP END PARALLEL DO✒ ✑
? 15: ?? le grids mp integrate moment c34 ?????????????
? 16 ???? 17 ? 2 ???????? FFT ? IFFT ????????????
?????? 1???????????????????????? 16???????
(Nx, Ny) = (4096, 4096) ????????????????????????????
?????????????? 17?????????????????????????
????????????????????????????? Helios????FFT?
???? FFTW????? version 3 ??????
? 16???????????? (Nx, Ny) = (4096, 4096) ????????? 1??
????? 1??????????????OpenMP ???????????????
???????????? 17?????????????????????? OpenMP
????????????????????????
????MPI-3 ???????????????????????????????
? OpenMP ???????????????????FFTW?MPI????????
? FFTW??????MPI??????????????????????????
???A.8????MPI-3????????????????????????????
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? 16: ????? (Nx, Ny) = (4096, 4096)????????????????????
????????
? 17: 16???????? 16??????????????????????????
??
36
????????????????????????????????????????
????????????????? OpenMP ??????????????????
????????? OpenMP ???????????
4.4 ????
OpenMP ??????????????????????????????????
????????????? Helios?????
?????? Fortran90 ???????????????????????????
?????????
4.4.1 ???????
Helios ????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
? 18 ????????????????-N ??????????-n ??????
????????? OMP_NUM_THREADS ???????????????????? 18
??????? 256??????? 1024??????? 2 ????????????
--ntasks-per-node???? 1?????????????????-c???? 1?
????????????????????1?????? 16????? Helios???
?????????? 16?????????? 18?? 4×4=16??
? 18 ???????Helios ?????????????????????????
???????? srun ????????????????????????????
???????????????????????????????????????
SLURM (Simple Linux Utility for Resource Management) [17] ???????????
???????????????Intel MPI ????????????????????
????????????????--place ?????????? CPU ??????
????????????????????????????????512??????
??????? srun?????????????????????????Intel MPI
? mpirun??????
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??????????✓ ✏
#!/bin/bash
#SBATCH -J agk # job name
#SBATCH -o agk.log # stdout file name
#SBATCH -e agk.err # stderr file name
#SBATCH -N 256 # number of nodes
#SBATCH --ntasks-per-node 4
#SBATCH -n 1024 # number of processes
#SBATCH -c 4 # number of cores per process
#SBATCH -t 00:10:00 # max run time (hh:mm:ss)
#SBATCH --place # CPU bind option
module purge
module load intel intelmpi srun
export OMP_PROC_BIND=true
export OMP_NUM_THREADS=2
srun ./agk medium✒ ✑
? 18: 256????1024?????2???????????????????????
4.4.2 ?????????????
???????????????????????????????????????
??? 19???????????????????????????????????
???????????????????????medium????????128??
??2048 ???????????????????2048 ??????? 1 ?????
1024??????? 2?????512??????? 4?????256??????? 8
?????128??????? 16????????
? 19??????1???????????2?????4????????????
??????????????????????? 1??????2.84???? 2???
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? 19: 2048 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?? ? ? ? ? ?
? (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1) (medium???)
???2.29??? 19.3%????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
OpenMP ????????? MPI ???????????????????????
????????
4.4.3 ????????????????
??????????????????????????????????????
???????????????????????????????????????
??????????????????????? 20a ???? 20b ???????
????????????????????????????????????? 20a
?? 1024 ?????? 20b ?? 2048 ?????????????????????
medium?????????
? 20a???? 20b?????????????????????????????
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(a) (b)
? 20: ?????????????????? (a) 1024 ????, (b) 2048 ?????
??????? (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1) (medium???)
????????????????????????????????????????
MPI?????????????????????????????????????
?????OpenMP??????????????????????????????
??????????????????????
4.4.4 ?????????
4.4.2??? 4.4.3???????????????????????????????
?????????????????????? 2048??????????Helios??
1?????? 16???????? 128??? ×16?? = 2048????????128
?????????? 1?????? 16??????????????1??????
????????????? 1 ?????????????????????????
????????????????????????????????????????
???1?????? 8?????????? 1?????? 16??????????
????????????? 21?????????????????????????
???????????1024?????4?????????????? 256????1
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? 21: 2048???? 4?????????????????????????????
???? (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1) (medium???)
?????? 4???? ×4????????? 512????1?????? 2????
×4?????????????????????????medium?????????
? 21????????????????????????????????????
????????????????????????????????????????
???1????????????????????????????????????
???????????????????????????????
4.4.5 ????????
MPI ???????????????????????????? AstroGK ???
??OpenMP?????????????????????????????????
??????????????? 22???????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????? 22(a)???? 22(b)?medium?
???? 22(c)???? 22(d)? large??????????????????????
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? 22: ?????????????? (a) 2048??, (b) 4096??, (c) 8192??, (d)
16384??
???? 22(a)? 2048???? 22(b)? 4096???? 22(c)? 8192???? 22(d)?
16384?????????
? 22????????????????????????????????????
??????????????????medium???? 4096???????????
????? 3.029????????????? 1.973??1024?????4??????
??????34.9%???????????? 22(b)???? large???? 16384??
?????????????? 18.491????????????? 12.163??4096?
????4????????????34.2%???????????? 22(d)??????
?????????????????????????MPI????????????
???????? OpenMP???????????????????????????
??????????????? 13???????????????????????
????????????????????????????????????????
????????????????????????? 4.4.6?????
???????????????????????????????? 22(b)?? 1.084
??? 0.704??????????? 12.6%???????????????????
????????????
42
??????
???????????????????????????????????????
???????
?????FFTW ? FFTW2 ?? FFTW3 ??????????????????
??? 23 ? FFTW2 ? FFTW3 ????????????????????????
???? 23(a) ? 1024 ???? 2 ?????? 23(b) ? 512 ???? 4 ??????
?????????????????medium?????????????? FFTW
????????????????????????????????????????
23(a)???????? 2.682??? 2.438???? 9.1%???????????
?????? reducition ????????????MPI ????????????
OpenMP?????????????????????????????????? 24
? reduction ?????????MPI ? OpenMP ????????????????
?????????????????? 24(a)? 1024???? 2?????? 24(b)?
1024???? 4???????????????????????medium????
? 23: FFTW????????????????medium???? (a) 1024????
2????, (b) 512???? 4????
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? 24: reduction??????????????????medium???? (a) 1024?
??? 2????, (b) 1024???? 4????
?????????? reduction??????? OpenMP?????????????
?????????????????????? 24(b) ???????? 2.133 ???
1.973???? 7.5%???????????
??????MPI?? OpenMP???????????????????????
???????????????????????????????????
???????????????
? 19????????????????????????????????????
???1????????????????????????????????????
??????????????????????? 1????????????????
?????????????????
????? 64 ????????????? 16×16 ? 2 ?????????????
?????????2???????? 1??????? 32????????? 25??4
???????? 1??????? 16????????? 26????????????
???????????????????????????????2????????
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? 25: 2????????????????????
? 26: 4????????????????????
1??????? 1???????? 16??????????????? 25?????4
???????? 1??????? 3????????? 12????????????
??? 26?????????????????????1??????????????
?????????????????????????????????????? 1?
????????????????????????????????????????
???????????????????????? 1???????????????
?????
????????????????? [14]??????????????? F (Flops),
???????? B (Byte/s) ????????? f (Flop), ???????? b (Byte)
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??????????????????? S (Flops) ?
S =
f
f/F + b/B
(37)
???????????????????
S
F
=
f/b
f/b+ F/B
(38)
?????????????? SF ??????????? f/b ????? B/F ??
???????????38???????????? f/b????????????? B
????????????????????????????????????????
????????????? 1??????????????????????????
????? b???????????????? f/b????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????????????? SF ????????????????
?????????
???????????????????????????????????????
????????????????????????????????????????
??????????? Helios ???????? 76.8 GB/sec ???????????
??????????????????????????????????? Xeon Phi
7120P???????????????????? 352 GB/sec ??????Xeon Phi
????????????????????????????????????????
????????????
4.4.6 ??????????????????
???????????????????????????????????????
??????????????????????????
? 27 ?????????????????????????????????
medium ????large ??????????????????????????
MPI?????????????????????????????????????
????????????????????????????????????????
??????????????????
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? 27: ???????? (a) (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1)
(medium ???), (b) (Nx, Ny, Nz, 2Nλ, NE , Ns) = (256, 256, 3, 128, 128, 1) (large
???)
5 ????
??????????????????????????????????????
????????????????????????????????? MHD ???
rmhdper ??????????? AstroGK ???????????????????
??????????????????????????????? FFTW3????
??????????????????????????OpenMP?????????
????????????????MPI?????????????????????
????????????????????????????????????????
???
??? 3???????MHD??? rmhdper ?? OpenMP??????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????? (Nx, Ny) = (4096, 4096) ?????????? 1???????
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?????? 11.18??? 2.68?????? 76%???????????
??? 4 ????MPI ???????????????????????????
??? AstroGK ????OpenMP???????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????OpenMP????????
????????????????????????????????????????
????????????????????????????????????????
??????? (Nx, Ny, Nz, 2Nλ, NE , Ns) = (128, 128, 3, 64, 64, 1) ?????? 4096
???????????????? 3.029?????????? 1024???? 4???
?????????? 1.973 ??????? 34.9% ???????????? 22(b)??
????????????????????????????????????????
? 1??????????????????????????????????????
??????????????
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?? A FFTW???
A.1 FFTW3????????????
FFTW ????? FFT ???????????????????????????
????????????????????????????????????????
???-lﬀtw3 threads???????????????????? Fortran90?????
???
FFTW???????????????✓ ✏
integer :: iret, nthreads_fft
call dfftw_init_threads(iret)
call dfftw_plan_with_nthreads(nthreads_fft)✒ ✑
????????????integer ???? nthreads_fft ?????????
call dfftw_init_threads(iret)??????? iret??FFTW3???????
?????????????? 0??????????? 1??????
A.2 FFTW???????????
FFTW????????????????????? Intel Fortran Compiler ???
???????????????????????????????? FFTW ? Intel
Fortran Compiler ???????????????????????????????
????? FFTW3 ?????????? configure ?????????
Intel Fortran Compiler?? FFTW????????✓ ✏
CC=icc F77=ifort CFLAGS="-O3" FFLAGS="-O3 -march=corei7"
./configure --enable-threads --enable-openmp --enable-sse2✒ ✑
--enable-threads ???????? FFTW ?????????????????
???--enable-openmp? FFTW?OpenMP??????????????????
????????--enable-sse2????????????????????????
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?????????? FFTW3?????????????--enable-float????
????????Helios??????????????????? FFTW ??????
???????
A.3 ??????????
FFTW??????????????????????????? 16???????
????????????????????????????????????????
????? FFTW???????????????????????????????
Fortran???????????????????????????????C????
????????????????? Fortran???????????????????
????????????????????????
FFTW???????????????✓ ✏
use, intrinsic :: iso_c_binding
real (C_DOUBLE), pointer :: in2d(:,:)
complex (C_DOUBLE_COMPLEX), pointer :: out2d(:,:)
type (C_PTR) :: pr, pc
integer :: nx, ny
pr = fftw_alloc_real (int(ny * nx, C_SIZE_T))
pc = fftw_alloc_complex (int((ny/2+1) * nx, C_SIZE_T))
call c_f_pointer (pr, in2d, [ny,nx])
call c_f_pointer (pc, out2d, [ny/2+1,nx])
---in2d?out2d???? 2?????????---
call fftw_free (pr)
call fftw_free (pc)
✒ ✑
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???????2??????? real?? in2d?complex?? out2d??????
???????????????? fftw_free?????????????C????
????????????????????????? C??????? Fortran??
???????? C PTR?????????????????? iso_c_binding??
?????????
A.4 ???????????
FFTW ?? FFT ??????? FFTW ???????????????????
???????????????? FFT ??????FFTW ??????????
integer?? flag???????????????????????????????
????????????????????????????????
??????✓ ✏
FFTW ESTIMATE
?????????????????????????????????????
FFTW MEASURE
???? FFT???????????????????????????????
??????????????????
FFTW PATIENT?FFTW EXHAUSTIVE
FFTW MEASURE????????????????????????????
?????????????????????????????????
FFTW WISDOM ONLY
wisdom?A.6???????????????????????????????
??????
?wisdom???????????????????????
?????? FFTW PATIENT?? FFTW EXHAUSTIVE????
????????????????
????? null????????????????????????✒ ✑
???????????????? FFTW UNALIGNED ???????????
????? FFTW???????????????????????????????
????????????????????????????????????????
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????????????????????????????????????????
???????????? fftw_malloc? fftw_alloc_real???????????
??????
A.5 ???????
FFTW???????????????????????????????????
????????????????????????????????????????
FFTW?????????✓ ✏
double?
call dfftw_execute (plan)
call fftw_free (pr)
single?
call sfftw_execute (plan)
call fftwf_free (pr)
long-double?
call lfftw_execute (plan)
call fftwl_free (pr)✒ ✑
????????? double??? d??single??? s??long-double??? l
?????????????FFTW? double??????????????? FFTW
????????--enable-float?--enable-long-double ???????????
???????????????????????????????????????
?-lfftw3f?-lfftw3l??????????????
A.6 wisdom???
FFTW??????????????????????????FFTW??????
??????????????????? wisdom ???????FFTW? wisdom?
????????????????????????????????????????
??????????A.4?????????FFTW???????????????
????????????FFTW PATIENT ???? FFTW EXHAUSTIVE ???
????????????????????????????????????????
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??FFTW PATIENT ???? FFTW EXHAUSTIVE ? wisdom ????????
?????????????????????????2??????????????
???? wisdom ???????????????????????????????
??????????????
A.7 FFTW??????????????
FFTW2???????????????????????????????????
???????????????????-lrfftw -lfftw?????????????
???????????
A.8 MPI???? Fortran??????
FFTW?MPI?????????MPI?? FFTW???????????????
MPI ?? FFTW3 ? Fortran 2003 ???????????????????????
????????????????????
2???? (Nx, Ny) ???? FFT???????????? [Ny, Nx]??????
?? [Ny/2+1, Nx] ??????????Fortran 2003 ????????? MPI ??
????????????? [2*(Ny/2+1), Nx]???????? [Ny/2+1, Nx]??
?????????????MPI??????? FFT???????????????
??????????
MPI ????? FFTW ?????????????C ?????????????
?????????? Fortran2003 ???????????????????????
???
p2df = fftw_mpi_plan_dft_r2c_2d(nx, ny, in, C, comm_all%MPI_VAL, flag)
?????nx, ny???????????????? FFTW???????? ny, nx
????????????
A.9 FFTW??????????
FFTW2? FFTW3?????????????????????????????
?????FFTW2?? FFT????????????????FFTW3??????
????????????????
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FFTW?????????✓ ✏
---FFTW2---
???????
call rfftw2d_f77_create_plan(plan, ny, nx, dir, flag)
FFT????
call rfftwnd_f77_real_to_complex(plan, howmany, in, &
istride, idist, out, ostride, odist)
---FFTW3---
???????
call dfftw_plan_many_dft_c2r)(plan, fft_dimension, &
vector_sizes_real, howmany, &
in, vector_sizes_complex, istride, idist, &
out, vector_sizes_real, ostride, odist, flag)
FFT????
call dfftw_execute_dft_r2c(plan, in, out)✒ ✑
? 28: FFTW2? FFTW3???
???FFTW ??????????????? FFT ??????????????
???????FFT ?????????????????????????????
??????? FFTW2?FFTW3 ???????????????????????
???FFTW2 ???????? FFT ?????????FFTW3 ????????
???????????????????????????????????????
???????????????????????? FFTW2? FFTW3??????
???????????????? 28 ??????????? 28 ? howmany ???
? FFT????????????dir? FFT? IFFT??????????????
???? istride/ostirde ???? in/out ???? FFT ????????????
idist/odist? in/out?????? FFT????????????????
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?? B OpenMP???
B.1 reduction????????
??????????????????????????????????????
????????????????? reduction ????????? reduction ??
??????????? [12]?
? reduction ( ????? : ?????? )
???????? (+) ?? (-) ?????????????????????????
???????????????????????????????????????
Fortran?????????????????????? [15]?????? AstroGK?
?????????????????????????? reduction???????
B.2 OpenMP????????????
OpenMP ?????????????????????????????????
????????????2.5.1 ???????????????????????? 4
????????
B.2.1 ???? 1???????????????
OpenMP??????????????????????????????????
?????????????????????
????????????? (parameter) ???? (argument) ?????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????
???? 1
????????? PRIVATE ????????????????????????
???????????????????????????????????????
(ID) ??????????PRVATE??????????????????????
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???? 1✓ ✏
$ ./omp
# Use parameter:
My ID is 3. My ordinal number is 3rd
My ID is 1. My ordinal number is 3rd
My ID is 2. My ordinal number is 3rd
My ID is 0. My ordinal number is 3rd
# Use argument:
My ID is 2. My ordinal number is 2nd
My ID is 1. My ordinal number is 1st
My ID is 3. My ordinal number is 3rd
My ID is 0. My ordinal number is 0th✒ ✑
????????????????? (parameter) ????????????????
????SHARED???????????????????????????????
?? (argument) ????????????????????????????????
?????????? PRIVATE??????????????
???? 2
PRIVATE???????????? PRIVATE????????????????
????
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???? 2✓ ✏
$ ./omp
# Use parameter:
My ID is 3. My ordinal number is 3rd
My ID is 2. My ordinal number is 2nd
My ID is 0. My ordinal number is 0th
My ID is 1. My ordinal number is 1st
# Use argument:
My ID is 2. My ordinal number is 2nd
My ID is 3. My ordinal number is 3rd
My ID is 0. My ordinal number is 0th
My ID is 1. My ordinal number is 1st✒ ✑
????????????????????????????????????????
????PRIVATE?????????????????????
B.2.2 ???? 2? do????????????????????????
????????? do????????????????????????????
???integer???? count?????????????do???????????
1 ??????????????? count ??? 1 ????????????????
?????count? PRIVATE?????????????????????????
count??????????5?????? 5???????????????????
? 1???????count? SHARED???????do??????????????
???????5?????? 5????????????????? 1, 2,..., 5???
???????????????????????? count????????????
?????????????????????????????????
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???????✓ ✏
program test2
integer :: i
!$OMP PARALLEL
...
!$OMP DO
do i=1, 5
call num_count(i)
end do
!$OMP END DO
!$OMP END PARALLEL
subroutine num_count(i)
integer, intent(in) :: i
integer :: count
count = count + 1
write (*, ’("My ID is ", I2, ". Count: ", I3, 3x, "i: ", I3)’)
omp_get_thread_num(), count, i
end subroutine num_count
end program test2✒ ✑
???? 1
?????????????????????????????
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???? 1?count?????✓ ✏
$ ./omp
# Parallel Region:
My ID is 2. count: 2 i: 4
My ID is 3. count: 2 i: 5
My ID is 1. count: 2 i: 3
My ID is 0. count: 2 i: 1
My ID is 0. count: 3 i: 2✒ ✑
count ???????????? count =1 ???????????? count ? PRI-
VATE ?????????0 ???????? do ???????????????
count???????? 3??????????????????????
???? 2
???????????????????? count???????
integer :: count=0
????????????????????????
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???? 2?count?????✓ ✏
$ ./omp
# Parallel Region:
My ID is 1. count: 4 i: 3
My ID is 2. count: 4 i: 4
My ID is 3. count: 4 i: 5
My ID is 0. count: 4 i: 1
My ID is 0. count: 5 i: 2
-------
$ ./omp
# Parallel Region:
My ID is 1. count: 1 i: 3
My ID is 3. count: 4 i: 5
My ID is 2. count: 4 i: 4
My ID is 0. count: 4 i: 1
My ID is 0. count: 5 i: 2✒ ✑
count ?????????count ? SHARED ??????????????????
???????????????? count????
integer, save :: count
???? save????????????????????
1. ???????
2. save?????
????????????????? SHARED?????????????
???? 3
????????? PRIVATE????????????????????????2
????????????????????????????????? 2????
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PRIVATE??????????✓ ✏
1. THREADPRIVATE??????
THREADPRIVATE????????????????????[18]
integer, save :: count
!$OMP THREADPRIVATE (count)
THREADPRIVATE?????????????????????????
?? [15]??????? count=0???????????????????
???OpenMP???????????????????????????
?????
2. logical?????
logical?????????????????????
integer :: count
logical :: FirstCall
if (FirstCall) then
count = 0
FirstCall = .FALSE.
endif
count?FirstCall?????????? PRIVATE??????????
????? if ????????????????????????????
FirstCall?.TRUE.??????????????????????✒ ✑
??????????????
61
???? 3?count?????? PRIVATE???✓ ✏
THREADPRIVATE??????
$ ./omp
# Parallel Region:
My ID is 1. Count: 1 i: 3
My ID is 0. Count: 1 i: 1
My ID is 0. Count: 2 i: 2
My ID is 3. Count: 1 i: 5
My ID is 2. Count: 1 i: 4
logical?????
$ ./omp
# Parallel Region:
My ID is 3. Count: 1 i: 5
My ID is 0. Count: *** i: 1
My ID is 0. Count: *** i: 2
My ID is 1. Count: 1 i: 3
My ID is 2. Count: 1 i: 4✒ ✑
logical??????????????? count????????????????
??????????????????????????????????????
count????????SHARED?????????????????????
???THREADPRIVATE?????????????????? count?????
???????0???????? 2? do???????????????????
??????THREADPRIVATE?????????????????????
???? 4
????THREADPRIVATE?????????????????????????
2???????????????????????????????????????
????????????????????????????????? num_count?
do??????????????????????????????????????
????
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???? 4-1?THREADPRIVATE????????✓ ✏
$ ./omp
# Serial Region:
My ID is 0. Count: 1 i: 1
My ID is 0. Count: 2 i: 2
My ID is 0. Count: 3 i: 3
My ID is 0. Count: 4 i: 4
My ID is 0. Count: 5 i: 5
# Parallel Region:
My ID is 3. Count: 1 i: 5
My ID is 2. Count: 1 i: 4
My ID is 1. Count: 1 i: 3
My ID is 0. Count: 6 i: 1
My ID is 0. Count: 7 i: 2✒ ✑
???????? count? save????????0???????????????
?? count????????????????
???? 4-2?logical???????✓ ✏
$ ./omp
# Serial Region:
My ID is 0. Count: 1 i: 1
My ID is 0. Count: 2 i: 2
My ID is 0. Count: 3 i: 3
My ID is 0. Count: 4 i: 4
My ID is 0. Count: 5 i: 5
# Parallel Region:
My ID is 2. Count: 1 i: 4
My ID is 1. Count: 1 i: 3
My ID is 3. Count: 1 i: 5
My ID is 0. Count: *** i: 1
My ID is 0. Count: *** i: 2✒ ✑
??????????????? 0????????? 3?????? 0??????
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???????????????
?? 2????
?????????????????? PRIVATE ??????? THREADPRI-
VATE?????????????????????????????????????
???? SHARED???????????????????????????????
?????????????????
B.2.3 ?? 3? do????????????????????
?? 2 ???????????????????????????????????
??PRIVATE?????? SHARED??????????????????????
???? do???????? do????????????????????????
??????????????????????????????????? prm ??
?? arg???????????????? do??????????????????
?????????????????
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???????✓ ✏
program test3
integer :: prm = 0
integer :: i
!$OMP PARALLEL
!$OMP DO
do i=1, 5
call add (prm, i)
end do
!$OMP END DO
!$OMP END PARALLEL
write (*, ’("# Serial Region:", /, 4x, "prm:" I6)’) prm
subroutine add (prm, i)
integer, intent (inout) :: prm
integer, intent (in) :: i
integer, save :: arg
integer :: j
do j=1, 10
prm = prm + j
arg = arg + j
end do
write (*, ’("My ID is ", I2, ". prm:", I4, &
4x, "arg:", I4, 4x, "i: ", I3)’) &
omp_get_thread_num(), prm, arg, i
end subroutine add
end program test3✒ ✑
??????????5??????? do??????? 10??????? do??
???????SHARED????????? 1?? 10?????? 5????? 275
???????????????????????????????????
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???????????✓ ✏
$ ./omp
# Serial Region:
My ID is 0. prm: 55 arg: 55 i: 1
My ID is 0. prm: 110 arg: 110 i: 2
My ID is 0. prm: 165 arg: 165 i: 3
My ID is 0. prm: 220 arg: 220 i: 4
My ID is 0. prm: 275 arg: 275 i: 5✒ ✑
???? 1
OpenMP??????????????????????
???? 1???????✓ ✏
$ ./omp
# Parallel Region:
My ID is 0. prm: 107 arg: 105 i: 1
My ID is 0. prm: 162 arg: 160 i: 2
My ID is 3. prm: 162 arg: 160 i: 5
My ID is 1. prm: 162 arg: 160 i: 3
My ID is 2. prm: 162 arg: 160 i: 4
# Serial Region:
prm: 162
-------
$ ./omp
# Parallel Region:
My ID is 1. prm: 186 arg: 210 i: 3
My ID is 0. prm: 186 arg: 210 i: 1
My ID is 0. prm: 241 arg: 265 i: 2
My ID is 2. prm: 241 arg: 265 i: 4
My ID is 3. prm: 241 arg: 265 i: 5
# Serial Region:
prm: 241✒ ✑
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prm?arg?? SHARED???????????????????????????
??????????????????
???? 2
SHARED??????????????????????????????????
??????? critical?????????critical??????????????
???????????????????????????????????????
???????????????? [19]??????????????????????
???????????????????? add??
do j=1, 10
!$OMP CRITICAL(c_prm)
prm = prm + j
!$OMP END CRITICAL(c_prm)
!$OMP CRITICAL(c_arg)
arg = arg + j
!$OMP END CRITICAL(c_arg)
end do
?????????????????????????????reduction ????
atomic??????????reduction???? do???????????????
????????????? atomic???????????????????????
??????????????????????? Fortran?????????????
?????????????????
????????????????????????????
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???? 2?CRITICAL???????✓ ✏
$ ./omp
# Parallel Region:
My ID is 1. prm: 220 arg: 220 i: 3
My ID is 3. prm: 220 arg: 220 i: 5
My ID is 0. prm: 220 arg: 220 i: 1
My ID is 0. prm: 275 arg: 275 i: 2
My ID is 2. prm: 275 arg: 275 i: 4
# Serial Region:
prm: 275✒ ✑
prm?arg?? SHARED???????????????????????????
?????????????????? SHARED?????????????????
??????????????critical ????????????????critical
????????????????????????????????????????
???????????
??
??????????????????????????????????????
????????????????????? Tretler Rudolf ??????????
??????????????????????????????????? William
Dorland ???????????????????????????????????
????????????????????????????????????????
???????????
????
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